Thc first indication that soils contain organic phosphorus was obtaincd in 1844 by Muldcr (20) , in cxperiments wherein he could not obtain phosphorus-free prcparations of ccrtain soil organic matter fractions. Since thc_ timc of Mulder, a number of invcstigations have dealt specifically .with the problem of soil organic phosphorus, and it is now generally recognized that a portion of the soil phosphorus occurs in organic forms.
The distribution of organic phosphorus in diffcrent soil types and groups has bccn investigated in only a preliminary way, but it has become apparent that the quantities of organic phosphorus are corrclated with the quantitics of soil organic matter. In Iowa and other North Central states, there are extensivc areas of soils that contain relatively largc qnantities of hoth substanccs.
Despitc thc knowledge that organic phosphorus is quant itatively an important phosphorus fraction in many soils, therc has been little investigation of its significance in plant nutrition. In cxpcrimcntal work on thc availability of soil phosphorus to plants, it has often been assumcd that only thc inorganic fraction was opcrativc, 'Yhcrc the possiblc significmwe of the organic fraction has bccn rccognizcd, only speculalion rcgarding its importance has gencrally been pcrmissible because of the laek of a method for estimating the respcctivc ('o11lrihut ions of the inorganic and organic fractions.
The primary objective of thc prcsent invcstigation was to detcrmine whether therc exists an independent effect of soil organie phosphorus 011 the phosphorus llutrition of plants. Sincc such an cffcct ('ould exist and yet rcmain undiseo"crcd cxperimcntally in the absence of a suitablc method for evaluating organic phosphorus availability, the discovcry of a suitable method was a nccessary complcment ·to thc primary objective.
RBVIEW OF LITERA1'URE
Considcra ble cvidence no\\' illdi('a 1 es that soil organic phosphorus undergocs mincralization. The contcnt of organic phosphorus is usually found to bc lower in enltivated soils than in virgin soils (10, 22, 26, 29, 31) , to decreasc with length of cultivation (8, 17) , and to be lower in limcd soils than in corrcsponding acid, nnlimcd soils (6, 15) .
Earlier laboratory cxpcl'imcnts (11, 24) snggcstcd that mincralization 1 Project 1183 of the Io\\'a Agricultural gxperiment Station. 2 Formcrly graduate student, now at lIlinistry of Agriculture. Orman, Giza. Egypt; professor of soils; professor of stntistics; anl! gradunte assistant, respect-Ively. 'l'hc authors are inllebte<l to lIlrs. Laurene Finkner for SOlllC of the chemical analyses.
occurs. More recent laboratory work (3, 15, 28, 29) has shown that when soils are incubated in a moist condition at a temperature favorable for microbiological activity, the resulting decrease in content of organic phosphorus can be accounted for by a corresponding increase in content of extractable inorganic phosphorus. The rate of mineralization increases with temperatmc (3, 29, 30) . It is nearly four times as great at 35° 0 as at 20° 0 (29, 30) . The relative amounts of organic phoslJhorus, nitrogen and carbon mineralized during laboratory incubation have been found to correspond roughly to the relative quantities of thc respective constituents in the soil organic matter (29, 31) , indicating that the behavior of organic phosphorus is correlated with the behavior of the soil organic matter as a whole.
In the absence of morc direct evidence, the accumulated knowledge of the behavior of soil organic phosphorus and nitrogcn might be linked to form a basis for inferring the importance of soil organic phosphorus in plant nutrition. Nitrogen and phosphorus are absorbed by plants in approximately the same ratio in which they occur in and are liberated from the soil organic matter. Nitrogen liberated in inorganic form from the soil organic matter may sel've as the"sole source of supply to nonleguminous plants. It appears, therefore, that the miIlCralized organic phosphorus might likewise be sufficient to servc as the sole source of supply to plants under these conditions. The question of the importance of organic phosphorus-cannot be settled in this way, however, since the behavior of inorganic phosphorus is by no means analogous to that of inorganic nitrogen in the soil. Inorganic phosphorus added at a given place in the soil will react with the surrounding soil. Because of the resulting reduction in solubility, the tendency of the added phosphorus to move to other locations by diffusion 01' mass movement of the soil water will bc diminished. Nitrate nitrogen, on the other liand, does not react with the soil and is free to move from one place to another. Plants can absorb practically all the nitrate nitrogen in the soil, but because of the restricted phosphate movement it is not likely' that they can absorb such a high proportion of the mineralized phosphorus. It appears possible, therefore, that mineralization of soil organic phosphorus serves a useful purpose in maintaining the availability of inorganic phosphorus in the soil, but that tile amount mineralized during a given season may be of little significancc in the phosphorus nutritiOIJ of a crop growing the same season. More direct experimental evidence is thus necessary to evaluate the independent effect of organic phosphorus during the current season.
Two different types of experiments have been conducted to evaluate the availability of soil organic phosphorus, namely, experiments with extracted organic phosphorus and experiments with organic phosphorus in situ. Pierre and Parker (23) found that displaced soil solutions and water extracts of soils contained organic as well as inorganic phosphorus. During a 24-hoUl' test period, plants absorbed the inorganic but not the organic forms. The observations of Pierrc and Parker regarding the l1onabsorption of the organic phosphorus in the water extract of soil were confirmed by Kaila (15) and Rogers, Pearson and Pierre (25) . 'l'he latter investigators found, however, that much of the organic phosphorus in an ammonia extract of soil was absorbed, either directly or after change to the inorganic form by exoenzymes of roots or by other means.
Several experiments have been conducted in an attempt to evaluate the availability of soil organic phosphorus in sitn. The first work of this kind appears to be that of Vincent (33) , in which it was found that during growth of crops there was a reduction in quantities of both inorganic and organic soil phosphorus soluble in 2 pereent citric acid. These results suggest that a part of the soil organic phosphorus was mineralized and utilized by the crop during growth. Chirikov and Volkova (5) separated the total soil phosphorus into five fractions on the basis of solubility in chemical extractants, and then classified the various fractions in order of decreasing availability on the basis of plant-growth tests. The sodium-hydroxide-soluble fraction, which contained most of the organic phosphorus, was elassified in the fourth category. It appeared to be of no value.
Williams (35) made several tests of the significance of soil organic phosphorus by comparing various fractions of soil phosphorus with thc phosphorus absorbed by wheat plants from different groups of soils. In one experiment, he found that the phosphorus taken up by the plants could be accounted for almost entirely by the decrease in soil inorganic phosphorus extracted by acetic acid and sodium hydroxide. There was only a small decrease in the quantity of organic phosphorus. In other experiments, he found that the phosphorus uptake by plants was correlated with the initial content of inorganic phosphorus extracted by acetic acid and sodium hydroxide, and not with the total organic phosphorus. In none of his experiments did he find any significant association between soil organic phosphorus and phosphorus uptake. He concluded, therefore, that in evaluating the phosphorus status of soils for the growth of wheat it was necessary to consider only the two extractable fractions of inorganic phosphorus.
The accumulated evidence is thus conflicting. It must be coneluded, however, that there has been no satisfactory demonstration that soil organic phosphorus is of importance in plant nutrition. The weight of the evidence favors the view that it is not of significanee.
EXPERIMENTAL METHODS

CHEMICAL ANALYSIS OF SOIL SAMPLES
For laboratory investigation, samples of the soils were finely ground and thoroughly mixed. Measurements of the pH were made by means of a glass electrode using a 1 to 2.5 suspension of soil in water ..
The fraction of inorganic phosphorus soluble in a solution O.03N to ammonium fluoride and O.025N to hydrochloric acid was obtained with only slight modification of the method described by Bray and 75C Kurtz (4) . Total soil organic phosphorus was determined by the method of Pearson (21) .
A partial extraction of the organic phosphorus was made by heating 0.5 gm. of soil with 100 nil. of 1 percent potassium carbonate solution for 1 hour at 85 0 C in a covered flask. After the flask had cooled, the volume of solution was brought back to 100 ml. by addition of water. The flask was then shaken, and the suspension was filtered through Whatman 44 filter paper.
To determine the content of inorganic phosphorus in the potassium carbonate extract, an aliquot (usually 10 ml.) was placed in a photometer tube graduated at 45 ml. One drop of 0.5 percent p-nitrophenol solution was added as indicator, and the reaction of the solution was adjusted to about pH 3 by adding IN sulfuric acid to the point where the color of the indicator disappeared. The solution was diluted to about 40 ml. 'With water, and 2 m!. of ammonium molybdate-sulfuric acid solution (32) were added. The solution was then diluted to 45 ml. with water, and was mixed. Since the extracts were usually strongly colored with organic matter, the technique of Dyer and Wrenshall (9) was used from this point forward to permit colorimetric determination of inorganic orthophosphate in the colored liquid. This technique involves adjusting the galvanometer of the Evelyn filter photometer (660 m,.... filter) to indicate 100 percent transmission before addition of the stannous chloride, and then noting the decrease in percentage transmission on addition of 3 drops of stanllOUS chloride-hydrochloric acid solution (32) and development of the blue color. The photometer was calibrated using the same solutions and reagents as the unknowns, but with addition of different quantities of standard phosphate solution.
To determine the content of organic phosphorus in the potassium carbonate extract, an aliquot (usually 10 m!.) 'Was placed in a 50 m!. beaker and treated with 1 ml. of IN ammonium hydroxide and 1 m!. of a 10 percent solution of magnesium nitrate hexahydrate. The solution was stirred, evaporated to dryness on a steam plate, and ignited in a muffle furnace for 3 hours at 550 0 C. The beaker WlIS cooled, and the residue was dissolved by adding 4 m!. of IN sulfuric acid and placing the beaker on a steam plate for a few minutes. After the residue had dissolved, the beaker was cooled, and the contents were transferred to a photometer tube. One drop of 0.5 percent p-nitrophenol solution was added. The reaction of .the solution was adjusted to about pH 3 by adding IN ammonium hydroxide until the color of the indicator appeared, and then adding one drop of IN sulfuric acid to discharge the color. The phosphorus content of the solution was then determined by the procedure described above for inorganic phosphorus. The difference between the quantities of inorganic phosphorus found before and after ignition was taken as the quantity of organic phosphorus in the solution.
The organic phosphorus in the potassium carbonate extract was partitioned into two fractions by means of its behavior toward hypobromite. To determine the quantity of organic phosphorus hydrolyzed by hypobromite, an aliquot (usually 10 m!.) of thc potassium carbo-nate extract was placed in an Erlenmeyer flask, treated with 1 ml. of bromine-saturated water, and boiled for 3 minutes over a Bunsen burner. One-half ml. of 5N sulfurie acid and 0.5 ml. of a 10 percent solution of sodium sulfite were added eonsecutively, and the solution was boiled to expel the bromine and sulfur dioxide. The flask was then cooled, the solution was transferred to a eolprimeter tube, and inorganic phosphorus was determined as before. The difference between the quantities of inorganie phosphorus found before and after the above treatment was taken as the quantity of organic phosphorus hydrolyzed by hypobromite. The difference between the quantities of inorganic phosphorus found after the hypobromite treatment and after ignition was taken as the quantity of organic phosphorus not hydrolyzed by hypobromite. The difference between the quantities of organic phosphorus found in the potassium carbonate extract and in the Pearson (21) extracts was taken as the quantity of organic phosphorus not extracted by potassium carbonate.
The use of potassium carbonate as a soil phosphorus extractant was proposed by Das (7) in 1926. He realized that organic phosphorus was present in the extracts, and thought that the success of the method in predicting crop responsc to phosphate fertilization resulted partly from the meaSlU'ement of this extracted organic phosphorus. It is not clear from his description, however, whether or 'not his analytical procedure measured the organic phosphorus. Hockensmith, Gardner and Goodwin (14) proposed the bromine treatment for deeolorizing the extracts as a preliminury to the colorimetric determination of inorganic phosphate. By this procedure, a portion of the organic phosphorus is hydrolyzed and measured as inorganic phosphorus without differentiation from the inorganic phosphorus originally present in the extract. The same is true of the modified procedure of 'Vhitney and Gardner (34) . The procedure used in the present investigation is similar to that of Whitney and Gardner. It differs, however, in the important respect that a differentia.tion was made between the inorganic phosphorus originally present in the extract and that arising from the hydrolysis of organic -phosphorus. One additional fraction,. the organic phosphorus stable to the hydrolysis treatment, was determined abo. 'rhe soil samples were crushed to pass a 4-mesh sieve. Samples of 500 gm. of soil were mixed with quartz sand and with monobasic calcium phosphate lit rates of 0, 39.3 and 78.6 mgm. of phosphorus. The soil-sand-phosphate mixtures were placed in 2-qt. metal cans coated with asphalt paint, and were covered with an additional quantity of quartz slmd to reduce heat transfer between the soil and the atmosphere. The pots were planted to UB x 24 corn. Nutrients other than phosphorus were applied in a concentrated minus-phosphorus nutl'!cut solution having thc relativc composition of the solution desC'.ribed by Hoagland and Arnon (13) . 'fhe moisture content was brought to 200 gm. per pot by addition of distilled water. Thereafter, the pots were ".eighed at frequent intervals and the moigture content was brought to 200 gm. per pot by addition of water or nutrient solution. After emergence, the stand was thinned to three plants per pot. The pots werc then placed in water baths maintained at approximately 20° or 35° 0 until harvcst, at which time the plants werc cut off at the level of the soil, dried at 75° 0, and wei~hed.
The two tempcrature treatments were arranged by using wood tanks as water baths in which the plantcd pots were placed. To provide the 35° 0 temperature, water was hcated in a reservoir by electric hcaters actuated thermostatically. 'Vater was continuously pumped from the rcservoir up into the tanks by an electric pump. The cxcess water in the tanks 'Was returned by gravity to the reservoir for reheating. To provide the 20° 0 tcmperature, water was supplied directly from the tap to the tanks. 'fhe ratc of flow was adjusted manually. The tops of the pots were just above the level of the cover on the tanks, and the surface of the soil-sand mixture was below thc lcvel of water in the tanks. Thc surface covering of sand extended abovc the level of water.
Both experiments were arranged with a split-plot design having three replicates. Temperature trcatments formed the whole plots, soils formed the split plots, and phosphate levcls formcd the splitsplit plots.
In the first experiment, quartz sand and 17 samples of different acid soils in the pH range of 5 to 6 wcre uscd. The soil samples were all from Iowa, and represent cd the surfaee 6 inches, exccpt samplc F524, which was from the 0 horizon. The soil was mixed with 650 gm. of quartz sand, and 320 gm. of quartz sand were uscd as a surface covering. The corn was planted on Dec. 2, ]949. On Dec. 13, the pots were placed in the water baths. Thc plants were harvm;ted on Jan. 8, 1950. In the second experiment, J 8 samples of different calcareous soils from Iowa were used. The soil samples were all collected from the surfacc 6 inches. The soil was mixed with 500 gm. of quartz sand, and 420 gm. of quartz sand were used as a surface covering. The corn was planted on Jan. 20, 1950, the pots were placed in the watcr baths on Feb. 5, and the plants werc harvested on Feb. 25.
PHOSPHORUS AVAITJABII~ITY IN CALCAREOUS SOILS Al<"l'ER TREA'l'lIIENT AT DIFFERENT TEMPERATURES Samples of 16 calcarcous soils werc placed in No. ]0 metal cans, moistcned to 50 pcrcent of water-holding capacity, and incubated for 2 weeks in the water baths maintaincd at. 20° or 35° O. Othcr samples of the same soils were placed in No. 10 cans, saturated with water, and heated for 4 hours in a soil stcrilizer. The soil temperature reached 85° 0 in the latter treatment. All samples werc then emptied from the callS, air-dried in the greenhouse, and passed through a 4-mesh sieve before use.
Samples of 500 gm. of the original untreated soils and of the soils that had received each of the above treatments were placed in No. 10 metal cans and mixed with 2500 gm. of quartz sand. Dry monobasic calcium phosphate was added and mixed with the soil-sand mixture at rates of 0, 101.3 and 202.6 mgm. of phosphorus per pot. The soil-sand mixture was covered with 500 gm. of quartz sand. All pots were planted to HB x 24 corn April 7, 1950 . Nutrients other than phosphorus were added as before, and the moisture content was maintained at 500 gm. per pot by addition of water or nutrient solution. The stand was thinned to four plants per pot. The pots were kept on the greenhouse benches throughout the growing period, until the plants were harvested April 29. The experiment was arranged ill a split-plot design having three replicates. Temperature pretreatments formed the whole plots, soils formed the split plots, and phosphate levels formed the split-split plots.
ES'TIMATION OF PLANT-AVAILABLE SOIL PHOSPHORUS
For the purpose at hand, it was essential to obtain a measure of soil phosphorus avaiJability by plant response. Where plant yields are employed as the criterion of availability, two important factors must be taken into account in experiments of the type used in the present investigation. First, the yield is not linearly related to the phosphorus availability in a given soil. Secondly, a given yield does not necessarily correspond to a particular availability because of the positive or negative influence of factors other than phosphorus that arc not constant between soils.
. In an attempt to obtain a measure of plant-available phosphorus unbiased by the foregoing factors, the assumption was made that the response of the plants to variations in phosphate supply followed the Mit scher lich eqnation (19) . According to the Mitscherlich hypothesis, the increase in yield produced by unit addition of a plant nutrient is proportional to the decrement from the maximum yield that can be produced as the supply of the nutrient is increased indefinitely. Thus,
The equation is usually written in the integrated exponential or logarithmic forms,
where y is the yield associated with the effective quantity b of the nutrient present in the soil and seed, or with the latter plus x units of added llutrient, A is the maximum yield that can be produced as x increases indefinitely, and c is a constant. The effective quantity b of the nutrient present in the soil is measured in units of the added nutrient x.
If the nHtscherlicll equation represents the sitllation, the estimated value of b, the plant-available phosphorus in the soil, is more suitable for the purpose at hand than is either the absolute or relative increase in yield occasioned by the application of one unit of phosphorus. 'rhe estimated value of 7J is derived from the yields of all the pots of a particular series, and should be direetly aud linearly related to the quantities of those forms of phosphorus in the soil that contribute to the phosphorus nutrition of the plant. Such is not the case with either the absolute or the relative increase in yield.
In evaluating the constants in the l\Iitschel'lieh, equation for the various experimental series, scveral series were found in which there was no finite solution to the equation for c, and several series were found ill which c was negative. l\Iol'covel', there was considerable variation among values of c calculated from the remaining serics. Some variation in observed values of c would, of coursc, be expected bccause of experimental errors, even though the true value of c were constant. Since analysis of variancc disclosed no significant effects of treatments on c, all finite and positive values of c obtained in a given experiment were "averaged. This average value of c was assumed to be the best estimate ofc for the experiment, and was applied to all the data.
Since only by chance would the average value of c apply exactly to any particular experimental series, only by chance would the equation calculated with this value of c give a perfed fit to the data. The method of least squares described ill the appcndix was developed to permit determination of the values of Ll and b for which the sum of squares of deviations from regression wonld be minimized for allY given value of c. In using this method to find the value of b for 1\ particular experimental series consisting of 0, 1 and 2 units of added phosphate, it was necessary only to substitute the yield data for that series and the averagc value of C( = -antilog c) into the equation for Ll and B ( = Ll·IQ-eh), to solve the equations for Ll and B, and to calculate b from the values of A, Band c. Table 1 shows the soil number, soil type and pH of each sample, together with the average yields of the corn grown in the greenhouse experiment. In all cases, addition of phoflphate produced increases in yield. Both the yield level and the deg"l'l'e of responsc varied between soils.
RESUI.1TS
PHOSPHORUS FRACTIONS IN ACID SOILS AND PHOSPHORUS AVAILABILITY AT DIFFERENT TEMPERATURES
In table 2 are shown the values of b calelllated for the yariolls soils at the two soil temperatures, together with the laboratory data on the single inorganic and three organic phosphorus fractions. The multiple regression equations calculated from these data for the low and high soil temIlPratUl'es, and the diffeJ'ence between these equations, respectively, are as follows:
The figures directly below the regression coefficients are the standard errors associated with the respective coefficients. The significance of the regressions of plant-available phosphorus on the various soil phosphorus fractions can be assessed approximately from the standard errors. As a rough rule, a regression col'fficient is significant at the 5 percent level if it exceeds twice its sbmdard error. This test is approximate when applied to more than one coefficient because it ignores the correlation between the independent variables.
Phosphorus fractions 1>3 and P4 were expected to be and in fact appcared to be of no importance. An exact test of significance of the contribution of 1>3 and P4 waH made because of the existence of correlation between these variables and the yariablcs PI and p". This test consisted of comparing the reduction in SlIms of sqnares attributable to the regression of b on P3 and P4 jointly, after taking account of the regression on PI and p~, with the sum of squarcs not attributable to regression on any of the four fractions, as described by Kempthorne (16, pp. 38-44) . This reduction in sum of squares was not significant for br" bH or hI, -bu. It was t 11erefore concluded that fraction Pa' which represents the organic phosphorus extracted by potassium carbonate and not hydrolyzed by hypobromite, and fraction P4' which represents the organic phosphorus not extracted by potassium carbonate, were not of value in predicting the plant-available phosphorus and could be neglected in further calculations.
The next step was to calculate a new set of regr€sRion eqnatiollR neglecting P~ and P4' and retaining only p, and p". The equatiollR calculated for the low aud high soil temperatures and the difference between these equatiollR, respectively, are as follows:
Again, the standard errors located directly beneath the respective coefficients give an approximation of the level of significance that can be attached to the results.
Tests of significance were made by comparing the 'reduction in sum of squares attributable to the regression of b on PI and P2 independently of each other with the sum of squares not attributable to regression on either variable. It will be recalled that PI represents the inorganic phosphorus soluble in ammonium fluoride-hydrochloric acid solution, and P2 represents the organic' phosphorus extracted by potassium carbonate and hydrolyzed by hypobromite. These tests showed that the regression of b on PI was significant at the 1 percent level at the low soil temperature and was just below the 5 percent level of significance at the high soil temperature. The regression at the two temperatures did not differ signifieantly. The regression of b on P2 was not significant at the low soil temperature and was significant at the 1 percent level at the high soil temperature. The change in regression between temperatures was significant at the .1 percent level.
The tests of significance are somewhat biased as a result of eliminating Pa and P4 as variables (2) . The results indicate, however, that of the two phosphorus fractions, only PI was of appreciable value in predicting bi .. Fraction P2 was indirectly related to bL because of correlation between PI and P2' Given the measurement of PI, however, knowledge of P2 did not increase the preeision of predicted values of bL • It may therefore be concluded from the analysis that organic phosphorus pCI' .~c had little effect on bl •• On the other hand, it was significantly related to bH, and accounted for more of the variance of bn than did Pl' The dependence of plant-available phosphorus on the organic phosphorus fraction thus changed with soil temperature, being significantly greater at the high temperature than at the low temperature. An additional result of this analysis is that only the fraction of organic phosphorus that was soluble in potassium carbonate and also hydrol~'zed by hypobromite was 01 value in predicting plant-available soil phosphorus.
PHOSPHORUS FRACTIONS IN CALCAREOUS SOILS AND PHOSPHORUS
AVAILABILITY AT DIFFERENT TEMPERATURES Table 3 shows the soil number, soil type and pH of each 01 the samples used in the greenhouse and laboratory work, together with the average yields 01 the corn grown in the greenhouse experiment. Table 4 shows the values of b calculnted for the various soils at the two soil temperatures, together with the laboratory data on the soil phosphorus fractions. The soil phosphorus fractions in this experiment are designated in the same manner as in the experiment on acid soils.
Tests made on multiple regression equations calculated from the data of table 4 showed that Pa and P4 were without significant value 
Harpster 'rests of significance showed that the regression of b on P1 was significant at the 1 percent level at the low soil temperature and was not significant at the high soil temperature, and that the regression of (bL -bH ) on p, was significant at the 5 percent level. The regression of b on Pe was not significant at the low soil temperature but was significant at the 1 percent level at the high soil temperature. 'l'he regression of (bL -bH ) on p" was significant at the 5 percent level. The results obtained in this experiment on calcareous soils were thus similar to the results .reported above for the experiment on acid soils. Table 5 shows the average yields of corn grown in the greenhouse with different phosphate levels after pretreatment of 16 samples of calcareous soils at various temperatures. Table 6 shows the b values obtained. The soil type, pH and phosphorus fractions are not shown, since the soil samples used in this experiment were all included in the preceding experiment on calcareous soils.
PHOSPHORUS }<'RAC'TIONS IN CALCAREOUS SOILS AND PHOSPHORUS AVAILABILITY AFTER TREATMENT AT DIF'FERENT ']'EMPERATURES
• A multiple regression equation expressing the dependence of b on the four soil phosphol'usfractions was calculated for each temperature pretreatment. By techniques of multivariate analysis, it was found that knowledge of P:l and P4 gave no significant improvement in precision of estimates of b after the regression of b on P1 and P~ had becn taken into aCCOllnt. Fractions P. and P4 were then disregarded. 'l'he modified regression equations, which contained only PI and P~ as independent variables, were found to be bi = 55.5 + 0.32pI + 0.25P2 Tests of significance showed that the regression of b on Pl and P2 jointly was significant at the 1 percent level. The regression of b on Pl was significant at the 5 percent level, but the partial regression of b on Pl independent of P2 was not significant at the 5 pcrcent level. The partial regression of b on P2 was significant at the 1 percent level. This regression was significant at the 1 percent level. Since the same group of 16 soils was employed with each of the temperature pretreatments, the tests of significance of the average regression equations were made using the number of degrees of freedom appropriate for 16 independent observations. An additional test of significance of the pretreatment effects was made by means of an analysis of variance of the b values. The average values 70, 74, 74 and 71 for bi , b2, b3 and b" respectively, did not differ significantly. This result shows that the average effects of pretreatments on the total plant-available phosphorus were within experimental error. 'l'he interaction of soils and pretreatments likewise was nonsignificant. Table 7 shows that inorganic phosphorus extracted by the Bray and Kurtz (4) method (fraction pd was affected by soil pretreatment. 'l'hese results are in disagreement with the plant mea~mrements described above, which showed no significant effect of pretreatment on plant-available phosphorus. The cause of this behavior cannot be determined from the data at hand. 'rhe discrepancy may have resulted merely from the fact that the magnitude of the pretreatment effects shown in table 7 was relatively small, and the precision of estimates of plant-available phosphorus was rather low. '!'he results of this experiment confirm the findings of the preceding two experiments that plant-available soil phosphorus may depend significantly on a fraction of the soil organic phosphorus, independent of correlation of the latter with an inorganic phosphorus fraction designed to estimate availability of soil inorganic phosphorus. As a result of the lack of significance of differences among b values and among regression equations, however, it must be concluded that the soil pretreatments were without significant effect on either the total plant-available phosphorus or the measui'ed individual parts thereof. *These values nppear to be in orro.r. but their correctness wa~ vprifie«i by repcnJed analyses. ~Il" alyses made a year prcviowdy by n different analYl'lt gave values on theRe twu samples that were SImilar to the values for the other prctrcatments with the sume soils. On the other hand, the b values in tuble 6 that correspond to these two samples nrc higher thall the b values for the other pretreatments of the snme soils.
DISCUSSION
The experiments described in the foregoing pages were designed primarily to test the hypothesis that organic phosphorus present in the soil at the beginning of the growing season may be of significance as a source of phosphorus in the nutrition of the current crop. Underlying the design of the experiments were two fundamental premises. The first was thc assumption that soil organic phosphorus per se may or may not be available to plants, but is at least temporarily available when it is converted to the inorganic form. The second was the principle that the technique of multiple regression provides an estimate and makes possible a test of significance of the dependence of a variable 11 on each of n· independent variables Pl, P2, .... Pn, independent of correlations among the independent variables.
The first and second experiments were based on the work of Thompson and Black (30) and Thompson (29) showing that the rate of soil organic phosphorus mineralization proceeds several times faster at 35 0 C than at 20 0 C. It was prcdicted that if thesc same soil temperatures were employed in the experiments, the temperature increment would affect the rate of mineralization and hence the value of organic phosphorus. Thus, if the organic phosphorus was of value, its effects should be greater at the higher temperature. 3 Both experiments showed that when the effect of organic phosphorus was assessed independent of correlations with the inorganic phosphorus, the organic phosphorus was without' value in predicthlg plant-available phosphorus at the soil temperature 20 0 C, but it was of significant value at 35 0 C. Thus, the experiments substantiated the hypothesis on two accounts. In addition, they indicated that soil organic phosphorus pm' se is not available to plants. Presumably, the organic phosphorus is of appreciable availability to plants only upon mineralization, and in the experiments the rate of mineralization at 20 0 C was too low to be of measurable importance.
Of the three organic phosphorus fractions measured, only the fraction extracted from the soil by a hot solution of potassium carbonate and hydrolyzed by hypobromite was of significance. The portion of the organic phosphorus that was of importance to the current crop was thus apparently included in this fraction; however, the identity of the important fraction with the fraction soluble in potassium carbonate and hydrolyzed by hypobromite remains to be investigated. A more clear-cut fraetionation could no doubt be devised. .
• It should be noted in this connection that the difference in plant-available soli phosphorus between soil temperatures cannot be obtained by subtracting the b value obtained at one temperature from the b value obtained at the other temperature. Recause of. the phosphorus In the seed, a figure for plant-available phosphorus Is obtained e,'en in the absence of soil phosphorus. Since the effecti,'eness of the seed phosphorus measured in terms of the eff(;ctivcne~s of added phosphorus ,liminlshes as the yield of the phosphate-treated plants increases, the "alne of b characteristic of the seed is not constant. In the regression equations for the experiment on acid soils, for example, the constant term, which is an estimate of the value of b COIlnecte(} with the seed phosphorus, was 59.5 at 20° C and 23.6 at 35° C. Thus, the difference In plant-available soil phosphorus between temperatures In this experiment Is given by .
The statistical probability is exceedingly small that the effects attributed to organic phosphorus in the first two experiments were fortuitous. As with all evidence for cause and effect relationships based on correlations, however, there is the possibility that the variable considered to be the cause was not actually the cause. The statistical significance may have resulted merely from correlation of the variable with the cause. This possibility has, in fact, already been invoked in the postulate that soil organic phosphorus per se is without importance, the statistical significance of the one specific fraction being derived from its correlation with the amount of phosphorus changed to the inorganic form. It is evident that if the true cause of the statistical significance is still unknown, it must be something that is (a) correlated with the organic phosphorus fraction independent of correlations with the measured inorganic phosphorus fraction, (b) of significant effect at 35°, and (c) without significant effect at 20° C. If the true cause is some part of the soil phosphorus, it might be either an organic fraction not found in the analysis scheme or an inorganic fraction. Either of the two would have to satisfy requirements (a), (b) and (c).
The results of these experiments are not of neeessity in disagreement with those of Williams (35) , who failed to find a significant correlation between phosphorus percentage in plants and total quantity of soil organic phosphorus. Examination of the results of the present experiments using the technique of Williams gives results much the same as his. Thus, in the experiment on acid soils, the correlations between plant-available phosphorus at the low soil temperature (bd and at the high soil temperature (bH ) with inorganic phosphorus fraction PI Pm"tial cm"l'elation independent of inorganic p71OSp7101"lIS fmction PI -0.33 0.44
'It is evident that the eorrelations of plant-availablc phosphorus with inorganic phosphorus were invariably greater than the corresponding correlations of plant-available phosphorus with total organic phosphorus. Of the correlations between plant-available phosphorus and total organic phosphorus, only the simple correlation at the high soil temperature was significant (Williams obtained no significant correlations involving total organic phosphorus). The significance in this instance resulted from correlation of total organic phosphorus with inorganic phosphorus fraction Pl, si11ce the partial correlation of plant-available phosphorus with total organic phosphorus, independent of inorganic phosphorus, was not significant. From the analysis of the data made in the preceding section, it is evident that total organic phosphorus gives a relatively poor estimate of organic phosphorus availability because it represents a dilution of the active portion with much other organic phosphorus not closely correlated therewith.
In the third experiment, a number of soils were given different pretreatments, following which all samples were placed under comparable conditions in the greenhonse for measurement of plant-availablc phosphorus. The results of this experiment confirmcd the findings of thc preceding two expcriments regarding the significance of a fraction of soil organic phosphorus. Soil temperature was not controlled in this experiment. The greenhouse air temperature fluctuated between about 20° and 35° C during the growth of the crop, and the soil temperatures were probably between these two extremes most of the time. The soil temperaturcs were thus not dissimilar to those extant in the field during the summer.
In the first I:nd second experiments, the soil temperature differential was imposed during the measurement of phosphorus availability. In the third experiment, the soil temperature differentials were imposcd prior to the growth of the crop, and the soil temperatures were uniform between pretreatments during measurement of phosphorus availability. The results of the first and second experiments with respect to the effect of soil temperature were rather different from those obtained in the third experiment. In the former two experiments, the partial regressions of plant-available phosphorus on soil organic phosphorlls fruction P2, independent of inorganic phosphorus fraction Pt. were significantly greater at the soil temperuture 35° C than at 20° C. In the third experiment, the partial regression was of signifiellnee oyer all the temperature pretreatments, but the differences betwe('n the temperature pretreatments were not significant.
Two alternate views may be taken regarding the failure of the partial regressions of plant-available phosphorus on organic fraction P2 to differ si/.,'11ificantl;\T between temperature pretreatments in experiment 3. If it is assumed that the differences of the partial regressions of plant-available soil phosphorus on organic fraction P2 between temperatures in experiments 1 and 2 were caused primarily by soil processes, analogous differences should have been present during the pretreatments in experiment 3. Two reasonable hypotheses might then be advanced to account for the failure of the pretreatment effects to differ significantly in experiment 3. First, the differences produced during the pretreatments were carried over to the subsequent cropping period during which plant-available phos-phorus was evaluated, but the degree of precision of the experiment was not sufficient to discover them. Second, the differences produced during the pretreatments disappeared rapidly so that there was too littlc carryover to measure in the subsequent cropping period. On the other hand, if it is assumed that the differences in experiments 1 and 2 resulted primarily from an interaction between the crop and the soil (as, for example, more rapid mineralization of soil organic phosphorus by the exo-enzyme system of the root at high soil temperatures), a third hypothesis may be formulated. It may be supposed that because the differences in microbial mineralization of organic phosphorus between pretreatments were too small to have a measurable effect on plant-available phosphorus evaluated concurrently, they could not. have a measurable effect if evaluated subsequently.
Although the first and third hypotheses cannot be discountcd at prcsent, the second is favored, since it might be anticipated from cxisting" knowledge of phosphate fixation in soils. Moveover. it is verified by the results of an experiment of Goring (12) . In this experiment, the ratio of added radioactive inorganic phosphorus to soil nonradioactive phosphorus in the total phosphorus incorporated into the organic form by microbial synthesis during laboratory incubation of a group of soils was determined. The ratio was not significantly lower after the soils had been pre-incubated for a week than it was when the original soils were employed. If the mineralized organic phosphorus had remained as available as it was at the time of mineralization, the proportion of the added radioactive inorganic phosphorus incorporated into the organic form would have been smaller in the ineubated than in the nonincnbnted soils. Thus, it appears that the increase in phosphorus availability to plants resulting from soil organic phosphorus mineralization is of only transitory existence, and that to take advantage of it the plant must be present at the same time.
As a whole, the results of the experiments show that the availability of soil phosphorus to plants grown in warm soils was more closely related to the quantities of organic phosphorus extracted by hot potassium carbonate solutiOll and hydrolyzed by h~Tpohl'omit3 than to the Quantities of inorganic phosphorus extracted hy the dilute ammonium fluoride-hydrochloric acid solution of Bl'a~' and Kurtz (4) . The reverse obtained when the plants were grown in cool soils.
The Bray and Klll'tz method is cur1'ently used in the soil testing lahoratories of several North Central states to obtain an estimate of soil llhosphol"ns availability. On the basis of the findings of the present investigation, it appen1'S that the procedure might pl'ofitably be modified to in('lude meaSl1rements of organic phosphorus as well as measurements of inorganic phosphorns. Before snch a modification eould be employed on a lH'actical basis. however, the relative weight to be attac}wd to each of the two measurements would have to be determined. The relative weight would almost certainly vary between crops, and it might vary also between locntions. Although the two methods might be applied as they stand, the organic phosphorus method is not well suited to routine work in a soil testing laboratory. It might well be found that the method could be modified for routine work and at the same time improved as an estimate of soil organic phosphorus availability.
SUMMARY
Three experiments were conducted to test the hypothesis that soil organic phosphorus may be of significance in the phosphorus nutrition of the crop. In the first experiment, corn was grown in the greenhouse on 17 acid soils and quartz sand at soil temperatures of 20° and 35° C. The plant-available phosphorus in eacll soil at each temperature was estimated from the corn yields by t.he Mitscherlich equation. MUltiple-regression equations were then calculated to obtain an estimate of the dependence of plant-availablc phosphorus on each of foul' soil phosphorus fractions, one inorganic and three organic. It was found that at the low soil temperature, none of the three soil organic phosphorus fractions were of significant value in predicting plant-available phosphorus independent of the inorganic phosphorus soluble in dilute ammonium fluoride-hydrochloric acid solution. Plantavailable phosphorus depended almost entirely on the inorganic fraction. At the high soil temperature, however, the organic phosphorus fraction soluble in hot potassium carbonate solution and hydrolyzed by hypobromite was of significant value in predicting plant-available phosphorus independent of the inorganic fraction, but the inorganic fraction was not of significant value independent of the organic fraction. The organic fraction 110t cxtracted by potassium carbonate solution, aud the organic fraction extracted by potassium carbonate solution but not hydrolyzed by hypobromite, were not of significant value in predicting plant-available phosphorus independent of correlations with the other two phosphorus fractions in this or in either of the subsequent two experiments.
'\.'he second experiment was conducted essentially like the first, cxccpt that 18 calcareous soils werc used. The experimental results were qualitatively the same as those obtained in the first experiment.
In the third experiment, Hi calcareous soils were given four dif· ferent pretreatments: (a) none, (b) incubated in a moist condition for 2 weeks at 20°. C, (c) illcuba ted in a moist condition for 2 weeks at 35° C, and (d) heated in a moist condition to 85° C. The soils were then air dried, and plant-available phosphorus was estimated in the variously-treated soils as before, except that there was no soil temperature control. Air temperature in the greenhouse varied between about 20° and 35° C during growth of the crop. It was found from multiple-regression equations calculated from the data that (a) the dependence of plant-available phosphorus on inorganic phosphorus soluble in dilute ammonium fluoride-hydrochloric acid solution and on organic phosphorus soluble in potassium carbonate solution and hydrolyzed by hypobromite did not differ significantly between pretreatments, (b) the partial regression of plant-available phosphorus on inorganic phosphorus independent of organic phosphorus 'Was not significant at the 5 percent level, and (c) the partial regression of I)lant-available phosphorus on organic phosphorus independent of inorganic phosphorus was signifieant at the 1 percent level.
The results of all three experiments served to verify the hypothesis that soil organic phosphorus may be of significance in the phosphorus nutrition of the crop. It was postulated from the results of the first two experiments that soil organic phosphorus per se is of little or no value in the phosphorus nutrition of plants, and that it becomes of value when it is changed to the inorganic form. The much greater value of organic phosphorus at the high soil temperature than at the low soil temperature is in agreement with previous experiments showing that the rate of organic phosphorus mineralization is several times higher at 35° than at 20° C. The failure of the various pretreatments to affect the importance of soil organic phosphorus in the third experiment may have resulted from rapid equilibration of mineralized organie phosphorus with the remainder of the soil inorganic phosphorus.
LITERATURE CITED present in the soil or the amount b in the soil plus x units of added nutrient, A is the maximum yield that can be produced as x increases indefinitely, and c is a constant. The equation contains the three unknown constants, A, band c.
As was pointed out by Mitscherlich in his original paper (18) , the constants in the eqnation may be evaluated algebraically under the circumstances where the yields Yo, Yl and Y2 are known for the respective additions of 0, 1 and 2 units of added nutrient x, i.e., where (X2xd = (Xt -xo). These data permit the writing of three equations with three unknowns, which may be solved for A, band c. Thus,
where b is in terms of the units added and c is a rate of change per unit added. The value of Xo in the equations for c and b is zero when none of the nutrient has been added to the first member of the series. The term containing Xo has been included for those cases in which the first member of the series receives some quantity of t!le nutrient.
It is possible also to obtain an algebraic solution for cases in which the yields 1/0, 1/1 and 1/2 are known for the respective additions of 0, 1 and 3 units of the nntrient, i.e., where (X2 -Xl) = 2(Xlxo). For this case,
The values of c and b are given by the same equations shown above for 0, 1 and 2 units of added nutrient.
It should be noted that the constants eannot be evaluated in the manner described in this section except where 1/ plotted as a function of x produces a curve that is concave downward, and where 1/2 > Yl.
Where these requirements are met, an exact solution is obtained. That is to say, the curve passes through all three points.
GRAPHIC EVALUATION
Evah~ation of the constants is more difficnlt where the yields Yo, Yl and Y2 do 110t correspond to additions of 0, 1 and 2 or 0, 1 and 3 units of x, since the resulting three equations with three unknowns do not yield readily to algebraic solution for .il, lJ and c. Under these circumstances, the constants may be evaluated most easily by eliminating band c, by finding 11 graphically, and by suhstituting the value of A back into the preceding equations to determine the value of b ande.
}i-'or the general case in which X2/X1 = a, simultaneous solution of the three equations shows that A must be such that fCA) = a log CA -Y1) -log (A -Y2) -(a -1) log (A -Yo) = O. The known values of Yo, Y1, Y2 and a arc tmbstituted into fCA), which is then evaluated for various guessed values of the solution A. The values obtained for f(A) are then plotted against the guessed values of A. 'rhe value of 11 for which f(A) = 0 is found from the graph. Onee A is known, the values of c and b arc found by the equations given above for algebraic evaluation.
As a specific example, yields of 1. 22, 9. 58 and 15.79 gm. of Sudan
grass were obtained with respective additions of 0, 175 and 525 mgm. of nitrogen per pot (1) . Evaluation of A by the technique described in the preceding paragraph y i e Ide d the curve shown in fig. 1 , from which it was estimated that the value of A' was 17.8 gm. Since the nutrient additions were in the ratio 0, was determined algebraically as a check. The result was the same as that obtained graphically. Evaluation of c and b nsing the equations of the preceding section showed that where 175 mg-m. was takcn as one unit of nitrogen, c was 0.304 and b was equal to 0.101 units of nitrogen. If the milligram is taken as the unit of nitrogen, the yalue of b is 175 X 0.101 = 17.7 mgm., and the value of c is 0.30+/175 = 0.00174.
The precision of the evaluation obtained by the foregoing technique will depend on the precl!-;ion with whieh .11 is evaluated. It is 110t difficult to obtain gl'aphically an estimate of .11 with precision gTeater than is justified by the usual experimental data. This technique, like the algebraic technique described previously, cannot be used to evaluate the constants in the cquation execpt where !J plotted as a fuuctioll of x produces a cnne that is concave downward and where !J2 >.!h.
LE-\S'!, SQUARES EVALUNI'!ON By both the techniques described above it is possible to find values for the constants i1, band c that will C:lllse the curve 10 pass through all three points representing the expel"imental obsel"Yatiolls provided the appropriate curvature is present. -Where the experimental series includes foul' or mD1'e levels of the plant nutrient, however, it is only by rare chance that values of the constants found using any thr('e of the levels will ]lroduce a curve that will be an exact fit to all the observations. In some cases the fit will be poor. Thus, where four or more levels of the plant nutrient are included in the experimental series, it is desirable that the values of the constants A, band c be found by some other process of curve-fitting, such as the method of least squares, that takes into account all the observations.
For the purpose of fitting the Mitscherlich cquation to a group of observations by the method of least squares, it is convenient to write the eqnation in the exponential form, 
The above expression contains the three variables, A, Band C, for each of 'Whieh the value must be found that will minimize the sum of squares Q. By considering (J as a function of each variable in turn, the cxpression may be differentiated first with respect to A, then with respect to B, and then with respect to C. The point at which the partial derivative is zero for each variable is the value of that variable that will minimize the sum of squares Q. The partial derivatives are t herefol'e equated to zero, as fo11ows 1 :
Since B is a constant and CXI-l is equal to CXI/C, the foregoing equations may be rewritten as follows:
where n is the number of observations in the experimental series. The latter three equations above contain only three unknown quantities, but because of the exponential values of C, the only relatively simple solution is a graphic one. There are other methods utilizing difrerential cal cuI us (27) . To obtain the graphic solution, the first two of these equations are solved for A and B in terms of C, and the solutions for A and B are substituted into the third equation to produce a new equation fCC) that contains only C as a variable. The new equation is as follows:
Various guessed values of C are then substituted into the equation, which is solved each time for [(C). 'l'he resulting values of f(C) are plotted against the guessed values of C, and the value of C for which f(C) = 0 is found from the graph.
The first estimate of C ean be made from a preliminary graph of the data since C is the average ratio of the increase in yield produced from a given increment of X to the increase in yield produced by the preceding increment of x. Thus, where Yo, Yl and Y2 are the yields corresponding to Xo, Xl and X2 amounts of the growth factor and where (X2 -Xl) = (Xl -xo),
YI-YO
As an additional aid in arriving at the value of C, it may be noted that C must have some value between 0 and 1. If estimated values of C from 0 to 1 inclusive are substituted in the equation for fCC), it is found invariably that fCC) = 0 where the estimated value of C is o. As progressively greater estimated valnes of C are used, the value of ICC) at first rises above zero and then decreases to zero.
Further increase in the estimated value of C causes the value of fCC) to decrease below zero and then to increase to zero where the estimated value of C is 1. The desired solution is given by that estimated value of C lying between 0 and 1 at which fCC) = O.
After C has been determined with the desired degree of precision, the value of C is substituted into the following equations which gIVe, respectively, the value of A and B in terms of C: A B (7 Yi CXi) (7 cx,) -(7 Vi) (7 C 2X iL (7 CXir -(n 7 C2xi) (n 7 Yi e Xi ) --~ Vi) ~ CXi)~ (7 CXi) 2 -(n 7 C2xi) ' 1'11e numerical values of A, Band U may now be substituted III the modified I\fitscherlich equation The values of band c will be in terms of the units of x used in the calculations. If, for ease of manipulation, the units of x have been coded by multiplication or division by a factor, it is necessary to re-introduce this factor to recover the original units in the manner described previously in t he section on graphic evaluation. EX.\l\IPLE OF LEAS'!' SQUARES EVAI,1],\'l'JON '['able A-I gives the yields of oats obtained with different amounts of P205 applied as monobasic calcium phosphate to sand in a pot experiment reported by Mitschel'l1ch (18) . Nutrients other than phosphorus were applied in constant amount to all POtR.
In this instance, there is no treatment without added phosphate. Sillce the yield that wonld have been produced by the phosphate in the sand and seed in the absence of added phosphate is not known, 775 the portion of the yield of 44.3 gm. that may be ascribed to the 0.1 gm. of added P205 is likewise unknown. The first member of the series must thus be regarded for purposes of calculation as a control containing a n unknown quantity of P 205. As a result, the quantity 0.1 must be ~ubtracted from each of the additions to give the \.0 quantity of P205 added above the control. The The observed and calculated yields are shown in the following table. 
